The analysis used simple finite elements is performed to simulate the tensile behavior of corroded reinforcing bars extracted from three actual concrete structures. The cross-sectional area of the elements is set to have the actual distribution measured by 3D laser scanner system. The variable factor in the analysis is the length of the elements. The analysis results show that the length of the elements has a major influence on the deformation capacity after yielding. The calculated stress-strain curves, obtained using the elements with a length that is 2 times the bar diameter, are in good agreement with the tensile test results. The calculated stress-strain curves are modeled using a bi-linear model to facilitate the FEA (finite element analysis) of an overall concrete structure. From the analysis results, both the tensile and yield strengths decrease in proportion to the reduction of the minimum cross-sectional area of corroded bars. The ultimate strain has a remarkable decrement as the reduction of the minimum cross-sectional area. Formulas for determining these values are proposed as a function of the decrement ratio of the minimum cross-sectional area of a corroded bar.
Introduction
The corrosion of the reinforcing bars in RC (reinforced concrete) structures has become one of the most important issues affecting the structural performance of concrete structures that have been used for a long period. Especially, because the yield strength and elastic modulus of corroded reinforcing bars influence the structural performance of RC members, it is essential to be aware of their condition in order to evaluate the residual performance of RC structures. In addition, when the corrosion is particularly well advanced, the rupture of the corroded reinforcing bars could occur leading to the sudden loss of the load capacity or the collapse of RC structures. This indicates that an awareness of the residual elongation capacity of corroded reinforcing bars is also important for evaluating the performance of deteriorated RC.
There have been many studies on the mechanism of corrosion of reinforcing bars. However, only a small number of studies have been reported on the residual capacity of corroded bars in actual RC structures. Those bars were extracted from actual structures and had corroded due to chloride attack [1, 2] or concrete carbonation [3] . It has been pointed out that the accelerated corrosion differs from natural corrosion [4, 5] . When modeling actual RC structures, it is very important to be able to consider the mechanical properties of reinforcing bars that have corroded naturally. This paper discusses stress-strain modeling based on the cross-sectional area distributions observed in corroded reinforcing bars extracted from actual RC structures.
Several papers have reported the mechanical properties of corroded reinforcing bars. For example, Du et al. [6] investigated the yield strength and tensile
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strength of corroded reinforcing bars and proposed a means of expressing their residual capacities as a function of the weight loss. Du et al. [6] also reported that the deterioration of elongation and ultimate strain of corroded reinforcing bars is much more significant than that of the yield and tensile strengths [7] . In contrast, Kim et al. [8] focused on the surface shape of corroded reinforcing bars and proposed stress-strain curves that are related to the maximum decrement of the cross-sectional area (decrement of the minimum cross-sectional area). It has been pointed out that the corrosion of reinforcing bars does not occur uniformly on the surface of the bar, e.g., Ref [9] , and that the distribution of the degree of corrosion, which can be expressed as the cross-sectional area distribution, affects the mechanical properties of corroded reinforcing bars. Kashani et al. [10] investigated 3D corrosion patterns using an optical surface measurement technique and proposed a set of probabilistic distribution models for determining the geometrical properties of corroded bars.
The authors also focused on the cross-sectional area distributions of corroded reinforcing bars, investigating them using a 3D laser scanner system [11] . They reported that the maximum decrement of cross-sectional area is related to the average decrement of cross-sectional area, which is equivalent to the weight loss percentage. Du et al. [6] suggested that the non-uniform distribution of residual sections along the bar length affects the reduction of bar ductility and proposed a method of calculating the ultimate strain using the length coefficient of corrosion [7] . In other words, the distribution of different residual sections and the length of each influence the results of the calculation.
The goal of this study is to propose stress-strain curves for corroded reinforcing bars. The selected stress-strain model is a bi-linear model, as this is convenient for application to FEA (finite element analysis). Calculation, using a simple element model in which the cross-sectional area of each element is equal to that of the corroded bar along its length, is carried out, and the calculated results are compared with the tensile test results. To eliminate the influence of the element length on the calculation results, the element length is set to 1 mm, 0.5d, 1d, 2d, 4d, 8d and 16d (d: bar diameter). The cross-sectional area of each element is made equal to the measured value of the corroded reinforcing bars extracted from actual three RC structures and as measured with the 3D laser scanner system. Table 1 lists the investigated reinforcing bars extracted from three actual concrete structures. The total number of specimens is 12. All three structures were railroad-related structures. The Series A specimens were extracted from a slab that had been damaged by chloride attack. The structure was built in 1970 and used deformed bars of 10 mm in diameter (D10). The Series B specimens were extracted from a beam which had been deteriorated by carbonation.
Investigated Reinforcing Bars and Tensile Test
Investigated Reinforcing Bars
This structure was built in 1930 and so used round bars of 22 mm in diameter (22). The Series C specimens were extracted from a box culvert that had been damaged by chloride attack. The year of construction is not known. This used round bars of 19 mm in diameter (19). Examples of the specimens are shown in Fig. 1 . The photos were taken after rust had been removed. This was done by soaking the specimens in a citric acid solution. The Series A specimen, which had been damaged by chloride attack, exhibits a scooped-out surface in one area, while the other parts are not damaged. The Series B specimen, which had been corroded by carbonation, appears to have been scraped along the length of one side of the bar. The Series C specimen has both a scooped-out part and a rough surface along its entire length.
Cross-sectional Area Distribution of the Specimens
Cross-sectional area of the specimens was measured using a 3D laser scanner system [11] . The specimen was stood on a turntable, and the coordinates of the laser spot on the surface of the bar were measured. A set of coordinates for each section was obtained by rotating the turntable through 360° so that the cross-sectional area could be calculated. After measuring one section, the laser-spot was moved in the bar axis direction, and then the same measurement was performed for the next section. In this way, the distribution of the cross-sectional area could be obtained. We set the scanning pitch for the bar axis to 1 mm. Fig. 2 shows examples of the cross-sectional area distribution of the specimens. The scanned length corresponds to a target length of 16d for the tensile test, explained in the next section. The dotted lines indicate the nominal cross-sectional area. The Series A specimen, which had been damaged by chloride attack, shows a remarkable decrement of cross-sectional area at one point, while the remainder of the specimen is basically unaffected, having the nominal cross-sectional area with fine "waves". These waves are a result of the ribs on the surface of the deformed bar. The Series B specimen, which had been corroded by carbonation, exhibits a similar cross-sectional area along the specimen length. The average and standard deviation of the cross-sectional respectively. The Series C specimen exhibits a small amount of scattering and a notable decrement at a certain position. The average and standard deviation of the cross-sectional area of C-2 specimen is 187.9 mm 2 and 16.3 mm 2 , respectively.
Tensile Test of Corroded Specimens
All 12 specimens were subjected to tensile tests with the local strains being measured with strain gauges and the elongation by LVDTs (linear variable displacement transducers). The target length used to measure the elongation was set to 16d. The tensile test setup is shown in Fig. 3 . Target devices for LVDTs were attached to the specimens, and two LVDTs were set to measure the displacements of the target devices. The elongation was obtained as the sum of the two measured displacements. Two strain gauges were attached to the specimen, as shown in Fig. 4 , with one gauge being at the position of the minimum cross-sectional area (Gauge C) and the other being at the maximum (Gauge N).
The tensile test results are summarized in Table 2 .
For this study, there is no non-corroded reinforcing bar to compare with the corroded ones because the specimens were extracted from actual structures that had been constructed at least several decades ago. However, to evaluate the influence of corrosion, it is essential to know the cross-sectional area and stress-strain curves for the corresponding non-corroded bars. Therefore, those specimens that exhibit the maximum tensile strength among the series of specimens, or which exhibit a clear yielding shelf in their stress-strain curves, are regarded as having similar properties to non-corroded bars. These specimens are designated A-0, B-0 and C-0 for the respective series specimens.
The stress-strain (Gauge N) curves of the A-0, B-0, and C-0 specimens are shown in Fig. 5 . The stress is obtained from the measured tensile load divided by the average cross-sectional area of each specimen. The stress-strain curves of other specimens will be explained in Section 3. The tensile strength, yield strength and elastic modulus, listed in Table 2 , are calculated using the average cross-sectional area of these specimens.
As shown in Table 2 , the decrement of tensile strength generally corresponds to the minimum cross-sectional area. The yield strength determined from the stress-strain curves obtained from the LVDTs shows a similar tendency to the tensile strength. The yield strength and elastic modulus could not be obtained from the strain measured by the strain gauges for half of the specimens, because of the measurement of the small strain or compressive strain resulting from the eccentric loading due to the partial reduction in the cross-section by corrosion. The stress-strain curves measured by the LVDTs are discussed in the next section.
Tensile Behavior Analysis Using Cross-sectional Area Distribution
Analysis Method
Analyses using the cross-sectional area distribution of the specimens are conducted to enable the discussion of the tensile properties of the corroded reinforcing bars. The analysis model is shown in Fig. 6 . The reinforcing bars are divided into simple finite elements for which the length and cross-sectional area are defined as L i and A i , respectively. The strain and elongation of each element is obtained by using the stress-strain curves for non-corroded bars, as shown in Fig. 5 , at an arbitrary tensile load P. The total elongation ΔL is obtained by the sum of the elongations of each element. The average strain can be obtained as ΔL divided by the target length L. The stress-strain curves for the non-corroded bars are modified to be a monotonous increasing function, and linear interpolation data are applied to the calculation. The analysis is to be complete when the stress at the element with the minimum cross-sectional area reaches the tensile strength. The average strain at this calculation step is defined as ultimate strain.
Length of Elements
One of the research objectives of this study is to investigate the influence of the element length L i on Cross-sectional area for element (2d)
Fig. 6 Analysis model and exemplary distribution of
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the calculation of the tensile characteristics. The cross-sectional area distributions of the specimens were measured at 1 mm intervals. The element length L i is set to 1 mm, 0.5d, 1d, 2d, 4d, 8d and 16d. The minimum cross-sectional area in each element length L i is adopted as A i , as shown in Fig. 6 . The target length is set to 16d, which is the same as that for the tensile test, so that the results of the analysis can be compared with the tensile test results. Therefore, the number of elements is 16 times d, 32, 16, 8, 4, 2 and 1 for the analysis of the element lengths of 1 mm, 0.5d, 1d, 2d, 4d, 8d and 16d, respectively.
Analysis Results
The calculated stress-strain curves for each corroded bar are shown in Figs. 7-9 (Series A, Series B and Series C), together with the tensile test results. The stress is obtained as the tensile load divided by the average cross-sectional area of the non-corroded bars (A-0, B-0 and C-0). Strain in the tensile test is obtained as the elongation measured by the LVDTs divided by the target length of 16d. The C-1 specimen is not included because of the short target length of the tensile test (3.5d). All of the diagrams show two graphs for each of the different element lengths used in the analysis.
In the Series A specimens (Fig. 7) , it is recognized that the deformation capacity is remarkably affected by the difference of the element length. As expected, the ultimate strain becomes smaller for shorter element lengths, such as 1 mm. On the other hand, when the element length is long at 4d or more, larger ultimate Tensile test
Tensile test
Tensile test strain and less stiffness after yielding can be seen. It is considered that the ribs of deformed bars do not contribute greatly to the bar stiffness. For the Series B specimens (Fig. 8) , the differences in the curves are not so clear as for the Series A specimens. Similar curves are obtained for the element lengths of 4d or less. For the Series C specimens (Fig. 9) , a similar tendency to Series A specimens can be seen.
Therefore, it is considered that there is an optimum element length in the analysis to simulate the stress-strain curves for corroded reinforcing bars. For the corroded bars investigated in this study, the appropriate length proves to be around 2d.
Bi-linear Model of Stress-Strain Curve
Modeling Method
The calculated stress-strain curves determined in the previous section are modeled using a bi-linear model. The modeling is conducted for the curves calculated using the element length of 2d. The curves by 2d-element are generally considered to be suitable for expressing the tensile test results.
It is considered that the target length also influences the stress-strain curves, because the average strain is obtained as dividing by the target length. As described in the Introduction section, a bi-linear model of stress-strain curve is considered to be useful for application to FEA. The reinforcing bar elements are usually modeled as beam or truss models with lengths of several-hundred millimeters in the analysis of RC members or structures. Therefore, modeling is conducted for the target lengths of both 16d and 8d. Fig. 10 shows the modeling method. The calculated stress-strain curve is indicated by the dotted line. The bi-linear model is characterized by elastic modulus E s , yield strength σ y and yield strain ε y , tensile strength σ u and ultimate strain ε u and secondary modulus E sy . The elastic modulus, tensile strength and ultimate strain can be obtained directly by the analysis described in Section 3. The elastic modulus is calculated from the average cross-sectional area, implying that the elastic modulus is equivalent to the average stiffness of each element. The tensile strength and ultimate strain are defined as being the stress and strain at the point where the stress in the element with the minimum cross-sectional area reaches the maximum. The secondary modulus is decided to be that at which the summation of the strain energy (U) enclosed by the dotted curve and the bi-linear model becomes zero after yielding. Then, the yield strength and strain can be obtained from the point, at which the first and second lines intersect.
Model for Target Length of 16d
A list of the minimum and average cross-sectional area of the modeled bars is shown in Table 3 . The decrement ratios of the minimum and average cross-sectional area are defined as dividing by the average cross-sectional area of the non-corroded bars (A-0, B-0 and C-0). The bi-linear models for the stress-strain curves are shown in Fig. 11 . The figures also include the calculated stress-strain curves obtained with the 2d-element, the tensile test results and stress-strain models proposed by Kim et al. [8] . As expected, elastic modulus, tensile strength and ultimate strain of the bi-linear model are in precise agreement with the calculated curves. Table 4 lists the characteristic values of the model for the target length of 16d. The table also includes the ratio of the yield strength of the model to the tensile test results listed in Table 2 . The yield strength of the bi-linear model is higher than that of the calculated curves for some specimens, but lower for others. The yield and tensile strengths of the bi-linear model show an almost linear relationship with the decrement ratio of the minimum cross-sectional area. It is clear that the tensile strength can be characterized by the minimum cross-sectional area but not by either the average cross-sectional area or weight loss. The secondary modulus exhibits a tendency to increase as the decrement ratio of the minimum cross-sectional area becomes larger. The ultimate strain is very sensitive to the decrement ratio of the minimum cross-sectional area. The elongation of the elements is not particularly large at the ultimate, where only the element which has the minimum area attains to ultimate.
Model for Target Length of 8d
The same modeling, as that described in Section 4.2, is conducted for the target length of 8d. The cross-sectional area distributions of the half-length from the central positions of the corroded reinforcing bars investigated as part of this study are focused and designated L and R. The objective of the modeling described in this section is to discuss the influence of the target length on the characteristic values of the [8] (d = 10 mm) bi-linear model. A list of the minimum and average cross-sectional area for the 8d target length is given in Table 5 . The decrement ratios of the minimum and average cross-sectional area are defined as being obtained by dividing by the average cross-sectional area of the non-corroded bars (A-0, B-0 and C-0). The decrement ratios are negative for some specimens meaning that the minimum or average cross-sectional area for the length in question is larger than the average cross-sectional area of Specimens B-0 and C-0. Some of the Series A and C-2 Specimens exhibit large differences between L and R because of the partial corrosion.
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Examples of the bi-linear models of the stress-strain curves for the target length of 8d are shown in Fig. 12 . The figures also include the stress-strain curves calculated using the 2d-element and the stress-strain models proposed by Kim et al. [8] . The tensile test was carried out for those specimens with the 16d target length, so there are no tensile test results for the 8d target length. As expected, the calculated curves and the model differ greatly between L and R due to the differences in the cross-sectional area distribution. In general, the ultimate strain becomes larger than that for the 16d target length. Table 6 lists the characteristic values of the model for the 8d target length.
Evaluation of Characteristic Values
The evaluation of the characteristic values of the bi-linear model is described in this section. Considering the results given in Sections 4.2 and 4.3, the bi-linear model is considered to be affected by the minimum cross-sectional area rather than the average cross-sectional area, which is equivalent to the weight loss percentage. The stress-strain curves proposed by Kim et al. [8] are also described by the minimum cross-sectional area. For example, it is easily understood that the tensile strength and elastic limitation can be determined from the minimum cross-sectional area. The relationship between the ratio of the tensile strength of the corroded bar to that of non-corroded bar in the bi-linear model and the decrement ratio of the minimum cross-sectional area is shown in Fig. 13 . The data with negative decrement ratios are omitted. As expected, the plots form an almost straight line from the y-intercept of 1. The slight differences between the plots and the line are due to the analysis method explained in Section 3.1, as the analysis is carried out discretely for the tensile load. The form of Bi-linear model Calculated curve Kim et al. [8] Bi-linear model Calculated curve Kim et al. [8] Bi-linear model Calculated curve Kim et al. [8] Bi-linear model Calculated curve Kim et k: coefficient for decrement ratio; r min : decrement ratio of minimum cross-sectional area.
Similarly, the relationship between the ratio of the characteristic values (yield strength, yield strain, secondary modulus and ultimate strain) of the corroded bar to those of non-corroded bar, as well as the decrement ratio of the minimum cross-sectional area, is shown in Figs. 14-17. The data with negative values for the decrement ratio are omitted.
The yield strength of the bi-linear model in this study shows both higher and lower value than that indicated by the calculated curves. From Fig. 14 , the yield strength of the model is in reasonably close agreement with the line shown in the figure, for which the coefficient of the decrement ratio is equal to 1. The value of the yield strain is larger than that indicated by the line for the coefficient for the decrement ratio of 1. Regression analysis by the least square method gives the formula shown in Fig. 15 . It can be deduced that the yield strain, which is given as the yield strength divided by the elastic modulus, is affected by both the minimum and the average cross-sectional area of the corroded reinforcing bar. The result of the evaluation of the corroded bars addressed in this study shows the coefficient of the decrement ratio of 0.64.
The secondary modulus becomes larger together with the decrement ratio (Fig. 16) relatively smaller cross-sectional area decreases as the target length becomes larger. This results in an increase in the stiffness after yielding. The decrement of ultimate strain is remarkable when compared with other characteristics, such as the yield strength or tensile strength (Fig. 17) . The decrement tendencies for the 16d and 8d target lengths are also different, because the number of elements in which the strain is not so large increase when one element with the minimum cross-sectional area reaches ultimate in case of large target length. The two curves are obtained by regression analysis, as shown in Fig. 17 .
From the results shown in Figs. 15-17, it is possible to derive the following formulas. The characteristic values of the bi-linear model for the corroded reinforcing bar for which the minimum cross-sectional area is known can be estimated by using these formulas: 
where:
r min : decrement ratio of minimum cross-sectional area; ε y : yield strain; E sy : secondary modulus; ε u : ultimate strain; the subscript cor indicates the corroded reinforcing bar.
Conclusions
An analysis is conducted using the cross-sectional area distributions of corroded reinforcing bars that had been extracted from three actual concrete structures. The objective of the analysis is to investigate the influence of the element length on the tensile characteristics of the corroded reinforcing bars. There is an optimum length for the element in the analysis to simulate the stress-strain curves of the corroded reinforcing bars. It is considered that the appropriate length for the corroded bars investigated in this study is around 2d.
Bi-linear modeling for the target lengths of both 16d and 8d is performed for the calculated stress-strain curves. The modeling results show that the tensile and yield strengths decrease in proportion to the reduction in the minimum cross-sectional area of the corroded bars. The decrement of the yield strain is gradual rather than tensile and yield strengths. The secondary modulus of the bi-linear model increases as the minimum cross-sectional area decreases. The ultimate strain at the tensile strength shows a remarkable decrement with the reduction of the minimum cross-sectional area. Formulas to evaluate these characteristic values are proposed as functions of the decrement ratio of the minimum cross-sectional area of the corroded bars.
The results of the modeling and the proposed formulas only indirectly express the shape of the cross-sectional area distributions of the corroded reinforcing bars extracted from three actual concrete structures. It should be noted that different tendencies in the cross-sectional area distributions gives different results. Further investigation is necessary to better understand this.
